Regulation and specificity of membrane trafficking are required to maintain organelle integrity while performing essential cellular transport. Membrane fusion events in all eukaryotic cells are facilitated by the formation of specific SNARE (soluble N-ethylmaleimide-sensitive fusion proteinattachment protein receptor) complexes between proteins on opposing lipid bilayers. Although regulation of SNARE complex assembly is not well understood, it is clear that two conserved protein families, the Sx (syntaxin) and the SM (Sec1p/Munc18) proteins, are central to this process. Sxs are a subfamily of SNARE proteins; in addition to the coiled-coil SNARE motif, Sxs possess an N-terminal, autonomously folded, triple-helical (Habc) domain. For some Sxs, it has been demonstrated that this Habc domain exerts an autoinhibitory effect on SNARE complex assembly by making intramolecular contacts with the SNARE motif. SM proteins regulate membrane fusion through interactions with their cognate Sxs. One hypothesis for SM protein function is that they facilitate a switch of the Sx from a closed to an open conformation, thus lifting the inhibitory action of the Habc domain and freeing the SNARE motif to participate in SNARE complexes. However, whether these regulatory mechanisms are conserved throughout the Sx/SM protein families remains contentious as it is not clear whether the closed conformation represents a universal feature of Sxs.
Introduction
A defining feature of eukaryotic cells is their compartmentalization into discrete membrane-bound cytosolic organelles. Non-disruptive transportation of molecules between these organelles and to the plasma membrane is extremely important, and each trafficking event is tightly regulated both spatially and temporally. SNARE (soluble N-ethylmaleimide-sensitive fusion protein-attachment protein receptor) proteins are central to this process, facilitating fusion by formation of specific complexes through their highly conserved α-helical cytosolic SNARE motifs. For vesicular transport, three α-helical coiled-coil domains from SNARE proteins on the target membrane bind to a final helix from a SNARE protein on the incoming vesicle to form the functional SNARE complex [1, 2] . Formation of this parallel four-helix bundle is sufficient to drive the fusion of liposomes in vitro and thus SNAREs appear to be the minimal machinery for membrane fusion [3] . Regulating SNARE complex assembly therefore provides the cell with a means to regulate membrane traffic.
Regulation of SNARE complex assembly through an Sx (syntaxin) conformational switch
One of the helices in every functional SNARE core complex is contributed by the SNARE motif from a member of the Sx family. Sx1a was originally identified as part of the SNARE complex responsible for neuronal exocytosis [1] . NMR analysis of the N-terminal region of Sx1a identified an independently folded domain consisting of a three-helix bundle [4] . This domain, termed the Habc domain, is connected to the highly conserved SNARE motif by a flexible, unstructured linker region [4, 5] . The Habc domain forms intramolecular contacts with the SNARE motif in a closed conformation that is incompatible with SNARE complex formation because of the lack of availability of the SNARE motif [6] (Figure 1) . In order to form SNARE complexes, the Sx must adopt an open conformation to free the SNARE motif from the autoinhibition exerted by the Habc domain [6] .
Structural and biochemical studies of the yeast exocytic Sx, Sso1p, revealed that it also adopts a closed conformation and that the Habc domain regulates SNARE complex formation, both in vitro and in vivo [7] [8] [9] . Similarly, other plasma membrane Sxs, including Sx4 in adipocytes [10, 11] and UNC-64 in worms [12, 13] , are subject to regulation via a conformational switch. Together, these studies suggest that regulating the switch between the Sx closed and open conformations In the open conformation (right), the Habc domain (white cylinders) is released from the SNARE motif (grey cylinder) and is therefore free to interact with its cognate SNAREs to form a core complex. In the closed conformation (left), the Habc domain folds back on the SNARE motif, rendering it inaccessible to the cognate SNAREs, thus inhibiting SNARE complex assembly. TMD, transmembrane domain.
provides the cell with a mechanism to regulate SNARE complex assembly and consequently regulate membrane fusion.
SM (Sec1p/Munc18) proteins regulate SNARE-mediated membrane traffic
Although the SNARE complex represents the minimal machinery for membrane fusion in vitro [14] , it is clear that a host of factors are involved in regulating this process in vivo. One family of proteins that plays an important role in SNARE-mediated membrane trafficking is the SM family [15] . Munc18a (also known as n-Sec1) was originally identified as an Sx1a-binding protein from rat brain homogenate [16] . The crystal structure of Munc18a in complex with Sx1a revealed that Munc18a is an arch-shaped molecule that cradles the Sx in its closed conformation [17] (Figure 2 ; mode-1). The closed conformation of Sx1a can be disrupted through mutations in the linker region; these mutations severely abrogate binding to Munc18a [6] . Taken together with the finding that Munc18a is essential for neuronal exocytosis [18] , this suggests that the SM protein facilitates a switch of the Sx from a closed to an open conformation [6] .
In support of this hypothesis, defects in SNARE complex assembly and traffic through the endosomal system due to the loss of Vps45p (Vps is vacuolar protein sorting) are bypassed by a version of the yeast endocytic Sx, Tlg2p, lacking its Habc domain [19] . These results support a model whereby Vps45p activates Tlg2p for entry into functional SNARE complexes by facilitating its switch from a closed to an open conformation. The version lacking the Habc domain is unable to adopt the closed conformation and therefore does not require 'activation' (opening) by Vps45p. Although these functional studies indicate that, like the plasma membrane Sxs described above, Tlg2p adopts a closed conformation that is incompatible with SNARE complex formation, NMR spectroscopy studies have been used to argue that this endosomal Sx does not adopt a closed conformation [20] . However, the bacterially produced version of Tlg2p used in these studies lacked almost half of the SNARE motif. Through analogy with the closed conformations of Sx1a and Sso1p, it is likely that these missing residues are required to stabilize a closed conformation of Tlg2p and therefore the physiological relevance of the NMR studies performed on the truncated Sx is not clear.
Definitive evidence of whether Tlg2p adopts a closed conformation will require high-resolution structural analyses. The intramolecular interactions between the SNARE motif and the Habc domain in trans may not be detectable using experimental approaches such as in vitro mixing studies or yeast two-hybrid assays, due to the inherent nature of the interaction. When the Habc domain and the SNARE motif are present on the same molecule, they are at extremely high effective concentrations, and therefore the Sx forms a closed conformation. However, if the closed conformation of an Sx provides a regulatory switch for SNARE complex assembly, an effective low-affinity interaction between the SNARE motif and the Habc domain is required so that the inhibition may be readily released for SNARE complex assembly. Thus it is often challenging to detect interactions between the two elements in trans.
The observations that different Sxs bind their cognate SM protein via strikingly different mechanisms led to the suggestion that the closed conformation may not act as a regulatory switch for all Sxs. In contrast with the binding of Sx1a in its closed conformation to the inner cavity of Munc18a (Figure 2 ; mode-1), the binding of other Sxs, including Tlg2p, to their cognate SM proteins does not rely on the closed conformation. This second mode of binding (mode-2) was first characterized for binding of the yeast Golgi SM protein Sly1p to its cognate Sx, Sed5p. In vitro binding experiments revealed that a short, evolutionarily conserved N-terminal peptide of Sed5p is sufficient to bind Sly1p [21] . The crystal structure of Sly1p in complex with the N-terminal peptide of Sed5p revealed that Sly1p is an arch-shaped molecule similar to Munc18a, underscoring the contention that the SM proteins form a closely related family. However, in contrast with the binding of Sx1a by Munc18a, the central cavity of Sly1p is not involved in mode-2 binding to the N-terminal peptide of Sed5p [22] . A small hydrophobic pocket on the exterior of Sly1p is the point of closest contact with the N-terminal peptide of Sed5p [22] (Figure 2 ; mode-2). Other SM proteins, including Vps45p and Munc18c, have also been shown to bind their Sxs via mode-2 [20, 23] .
Unlike mode-1 binding of Munc18a to Sx1a, which precludes complex formation [16] , in vitro studies show that Sly1p can remain bound to Sed5p during SNARE complex assembly [24] . Seemingly conflicting results such as these have made the formulation of unifying hypotheses for the action of SM proteins challenging, as it was originally thought that different SM/Sx pairs used either mode-1 or mode-2 binding. However, an increasing number of Sxs have been found to use both modes to bind their cognate SM proteins. Of particular note is the finding that Sx1a also utilizes mode-2 binding to the N-terminal peptide of Sx1a [25] [26] [27] [28] [29] .
In addition to the two modes of binding described above, other types of interactions between SM proteins and their cognate SNAREs have been described, including binding to the assembled SNARE complex [29] [30] [31] [32] . Functionally, SM proteins have been suggested to regulate multiple stages of the SNARE assembly/disassembly cycle (pre-fusion, postfusion and during fusion) [32] . This might explain why the formulation of unifying hypotheses for SM protein function has been so challenging. The membrane trafficking steps controlled by different Sx/SM pairs are subject to different levels of regulation; some fusion events occur in response to specific stimuli, whereas others occur constitutively. The binding mode characterized for a specific Sx/SM pair might reflect the step in the SNARE assembly/disassembly cycle that is rate-limiting for the trafficking pathway regulated by that Sx/SM pair. Sx1a controls a tightly regulated fusion pathway (regulated exocytosis), and the preferential binding of Munc18a to Sx1a in the closed conformation with high affinity in vitro could reflect a requirement for tight regulation of SNARE complex assembly. In support of this, an 'open' version of the Caenorhabditis elegans Sx1a homologue UNC-64 does not compensate for the loss of the SM protein UNC-18, indicating that other molecules, such as UNC-13, are required for the transition of this Sx from its closed to its open conformation [33] . In contrast with Sx1a, Sed5p and Tlg2p are involved in constitutive trafficking pathways and are likely to be regulated in a distinct manner, with the formation of their SNARE complexes not subject to acute regulation. In these cases, the regulation afforded by mode-2 binding may predominate and is therefore more readily detected in vitro.
Does Tlg2p/Sx16 adopt a closed conformation?
It is not only plasma membrane Sxs that are regulated by their N-terminal domains. The Habc domain of endosomal Sx7 folds back on to the SNARE motif and inhibits SNARE complex formation [34] . Our finding that a version of Tlg2p lacking its Habc domain bypasses the requirement of SNARE complex assembly on Vps45p supports a model in which Tlg2p adopts a closed conformation that is opened by Vps45p [19] . While our results cannot exclude other models, such as the Habc domain binding an unidentified inhibitory factor that is released by Vps45p, our interpretation is supported by studies on the mammalian orthologue of Tlg2p, Sx16. Like Tlg2p, Sx16 uses mode-2 binding to bind its SM protein (mVps45) via an N-terminal peptide [20] . ITC (isothermal titration calorimetry) studies of Sx16-mVps45 interactions noted markedly tighter affinity of the SM protein for the entire cytosolic region of Sx16 than for the N-terminal region alone [25] . Furthermore, a point mutation that abolishes mode-2 binding (F10A mutation in Sx16) abolishes all detectable binding to the N-terminal peptide of Sx16, but does not completely abolish binding to the full-length cytosolic region [25] . This revealed the presence of a second binding site for Sx16 on mVps45. Since this second mode of binding requires the SNARE motif, the simplest interpretation of these results is that Sx16 adopts a closed conformation that binds mVps45 via mode-1 binding [25] . Given the high degree of similarity between Tlg2p/Vps45p and Sx16/mVps45, it is likely that Tlg2p also utilizes both of these two distinct modes of binding. Support for this comes from the observation that, although the first 60 unstructured residues of Tlg2p are sufficient for interaction with Vps45p using a yeast twohybrid assay, a more intense reporter signal is detected with the entire cytosolic domain [20] . A model in which Vps45p uses both modes-1 and -2 to bind to Tlg2p may explain why mutant versions of Vps45p and Sly1p abrogated for mode-2 binding to their Sxs appears to be functional in vivo [30, 35] .
Future directions
Although it is clear that interaction(s) between SM proteins and their cognate Sxs plays a key role in regulating membrane fusion, the precise molecular mechanism(s) by which this is achieved is not well understood. Using the yeast endosomal SM/Sx pair, Vps45p/Tlg2p, as our model system, our studies are directed towards elucidating the mechanisms by which Vps45p regulates Tlg2p-mediated fusion. We are currently investigating the importance of Tlg2p's Habc domain in the regulation of complex assembly and also the role that different Vps45p interactions play in this regulation. We include analyses of the mammalian homologue of Tlg2p, Sx16, in our studies, since a major goal of our work is to identify conserved regulatory mechanisms involved in SNARE-mediated fusion in all eukaryotes. 
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